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Introduction
A diversity of exoplanets

|) Observational techniques

* Transit

= Direct imaging

» Medium/high spectral resolution

» [essons from observations of exoplanets

Il) Modelling exoplanetary atmospheres
= Radiative transfer
= Thermal structure
= Clouds & aerosols
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Not really a statistically significant sample




Cumulative Detections Per Year
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Planets per stor with P < 85 days
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Planets around Sun-like stars are very common
High fraction of super-Earths and mini-Neptunes



Planet formation: core accretion model

Gas accretion

Core formation j beyondicritical

by solid
accretion

mass

| % solids

f @t <107 VT

\ gas giant

(Perri & Cameron 1974, Mizuno 1978,
Bondeheimer & Pollack 1986, Pollack et al. 1996)



Planet formation: core accretion model

Core formation Slow core
by solid accretion

accretion
o -
t—
7 | % solids_- -~
Taisk < 10°yr

gas giant
ice giant
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T

disk

Planet formation: core accretion model

| % solids
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Core formation
by solid
accretion

Not enough
planetesimals
in feeding zone

gas giant
ice giant
terrestrial planet
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Atmospheres as a probe of planetary interior and formation

Metallicity = fraction of heavy elements (heavier than H and He)
For Solar System atmospheres, metallicity = [C]/[Clco/ar
For exoplanetary atmospheres, metallicity = [0]/[Olsofar
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= Metallicity decreases with planetary mass in the Solar System
= Sub-Neptunes/Neptunes planets formed in-situ should have a relatively low metallicity

- Measuring the metallicity allows to test formation and migration mechanisms 12



Observations

[—— 1 1

Planet Mass & Radius Atmospheric Spectra Stellar Spectra

Gas/ice Gaants Solid Planets
Formation Planetesimal Migration history
conditions composition
Mineralogy Tectonics Habitability
(Non) equilibrium Chemistry Thermal (non) Inversions Atmospheric Dynamics Clouds, hazes, etc.

Madhusudhan et al. (2014) 13



|) Observational techniques

* Transit

= Direct imaging

» Medium/high spectral resolution

» [essons from observations of exoplanets



I) Transit

Probability of transit

Prob. of full transit:

Prob. of full occultation: pgyec = (

If R, > R, and e~0:

star - planet shadow

Ptra = (
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Seager et al. (2010)
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I) Transit
Trappist-1
Probability of transit

CCecae

Interest of ultra-cool stars

Probability of transit of an Earth-size planet at Teff=255K
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I) Transit

Photometry

Relative brightness

Time

R,\*
Otra = (R_*)

Occultation depth:

Transit depth:

~

2
occ I* R*
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I) Transit

Effect of limb darkening

Transit of Venus



I) Transit

Effect of limb darkening

Pty

extrasolar planet transit

relative flux
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I) Transit

Atmospheric characterization with photometric transit lightcurves

= Measure of radius and density

a
20}

Planet radius (R,)
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Howard et al. (2013)

= Measure of thermal emission and reflected light during occultations

— effective temperature and geometric albedo

20



I) Transit

Spectrosco
P Py Effect of mean molecular weight

Wavelength

water vapour atmosphere

2.1 microns
2.3 microns |

Variation of transit depth:

2 2
nw(R,+NyH TR H
Adiyq= By N H) -—5 = 2N[yoirq (_)

nR,* nR,* R,

RT
Scale height: H = M_g; Number of scale heights: Ng = 7 (for low resolution)

- Transit spectroscopy easier for high scale height (e.g. hot giant planets)



I) Transit

Spectrosco
P Py Effect of mean molecular weight

Wavelength

water vapour atmosphere

2.1 microns
2.3 microns |

Variation of transit depth:

_ n(R,+NyH)* mR,2

H
AB¢rq=
tra Tl’R*z n.R*Z

~ 2Nydirq (R_p)

RT
Scale height: H = M_g; Number of scale heights: Ng = 7 (for low resolution)

For an Sun-like star:
- Hot Jupiter (T=1300 K, g=25 m s2, M=2.3 g/mol): 8¢rq =~ 0.01,AS;q~ 4.107*
- Earth-like planet (T=280 K, g=10 m s2, M=28g/mol): 84 = 1074, AS;,q~ 2.107°




I) Transit

Spectrosco
P Py Effect of mean molecular weight

Wavelength

water vapour atmosphere

2.1 microns
2.3 microns |

Variation of transit depth:

_ n(R,+NyH)* mR,2

H
AB¢rq=
tra Tl’R*z n.R*Z

~ 2Nydirq (R_p)

RT
Scale height: H = M_g; Number of scale heights: Ng = 7 (for low resolution)

For Trappist-1 (0.015 R,):
- Hot Jupiter (T=1300 K, g=25 m s2, M=2.3 g/mol): 8;pq = 0.7 ,AS;q~ 2.1072
- Earth-like planet (T=280 K, g=10 m s2, M=28g/mol): 8;q = 6.1073, ASpq~ 1074




I) Transit

Observer «-<iitasNE R,
Spectroscopy cabiad S

Assumptions: hydrostatic+isothermal
RT

zZ—Z, : __ RT
p(z) = p(zy) exp (— - ) with H = g

Macdonald &
Cowan (2019)

Optical depth (cross-section independent of P & T):

(b, 1) = Z fooai(A)ni(x)dx

xZ
ni(x) = nioe_Z/H with z = Vb? + x? — R,p ~b—Rp _|_%

+00
(b, 1) = Z a;(D)n,,e~(P—RP)/H j e ~X'/2RPH (5 — Z a;(D)n,e~P-RP)/H \[2hH
i - i

Comparison with vertical optical depth:

Ty |2mRp

n_TV_ H

Earth: n~75
Jupiter: n~128
HD209458b: n~38 “



I) Transit

Observer «-iioauNE Y,
Spectroscopy gkl S

Assumptions: hydrostatic+isothermal

RT

zZ—Z, : __ RT
p(z) = p(zy) exp (— - ) with H = g

Macdonald &
Cowan (2019)

Optical depth (cross-section independent of P & T):

(b, 1) = Z o:(D)nge~O=RO/H \J2bH

i

Transit depth:

2 R,
D(A) = (&) 2 j b(1—e "0M)gp = (
R* R*Z Rp

Rp + h,l)z
R,

Equivalent altitude:

Ry
hy=—Rp + \/sz +2 | b(1—e*®A)db ~ 0.577H + HIn <,/2nHsz ai(/l)ni())
i

Ry

h, ~ b(t=0.56) — Rp

see De Wit & Seager (2013) and Macdonald & Cowan (2019) 5c



I) Transit

Spectroscopy
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I) Transit

Phase curves

Courtesy Tom Louden



FD/F. (p.p.m.)

I) Transit

Phase curves

Eclipse
Egress = p Ingress

/—-—' 4 Gibbous

Phases

Quarter

____—-———‘""" Crescent

Transit Cowan et al. (2014)

Photometric phase curve (ex: Spitzer) Spectrally resolved phase curve (ex: HST)
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Relative Flux (ppm)

Planet Emission Spectrum

Thermal Profile
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I) Transit

Open-access codes for lightcurve fitting

binne ch —:
i CoRoT 7b

" PR— | PR —— | E— " s | — i "

For transits:
Transit routines (IDL, FORTRAN): https://faculty.washington.edu/agol/transit.html

batman (Python): https://www.cfa.harvard.edu/~lkreidberg/code.html

STARRY (Python): https://github.com/rodluger/starry
ExoCTK (Python): https://exoctk.stsci.edu/lightcurve fitting

For secondary eclipses & phase curves:

STARRY (Python): https://github.com/rodluger/starry
spiderman (Python): https://www.cfa.harvard.edu/~lkreidberg/code.html#spiderman



https://www.cfa.harvard.edu/~lkreidberg/code.html
https://github.com/rodluger/starry

Il) Direct imaging

Limitations

Télescope
diameter D

image obtained at the focus
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II) Direct imaging

Ingredients to overcome limitations

extreme AO system

Differential Imaging

\ Pie, Roll 2

.

Golimowski et al, 2006
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Ill) Medium/high spectral resolution

0 Low resolution: R= ﬁ < 1000 (e.g. HST, ARIEL)
— absorption bands

 Medium resolution: R = E~1OOO 10000 (e.g. JWST, VLT/SINFONI)

— strong molecular lines

 High resolution: R = ﬁ > 10000 (e.g. VLT/CRIRES, VLT/ESPRESSO)
— resolve line shape and doppler shift

R=20 000

f‘|"l‘ﬂ‘ﬂi\|‘¢m{nﬁw-\r'ﬁ oY w,rmme, \m‘ ““m"“ "1r| ’ﬂﬂf',m\'m, nmrmﬂ,ﬁ

10" — —
‘ 1 —

-
2%10'
&N 5
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Ill) Medium/high spectral resolution

Medium resolution for direct imaging

Distinguish planetary signal from stellar
noise (speckles) thanks to intrinsic
molecular lines

Cross-correlation between the high-passing
observed spectrum S, and a model
spectrum Sy,

CCF(V,) = fSO,,s(v)XSth(v + vXVy/c)dv

with normalization: [ S2(v)dv = 1

Emission relative to continuum

I||I III I

..1||||;§1|l|||
1
3
_1
4

TRy : : s »
' \\ll Pt W A M&M gWﬂM‘n MM";*W’* “_ﬁ

' CH, =
| ' 4

gﬁwmg ""'"”Wwwmwwwwﬁw 3

COO~O000O~CO0O0O~00000~
SO HNDONVNHNDOV MO

NH, =

oo
on

N E
21 22 23 24 25
Wavelength (um)

n
o

Hoeijmakers et al. (2018)

Wavelength-averaged image of beta Picb
with VLT-SINFONI

ey L " "September 11, 2014

02} -

0.0+ -

02} 4

x -

-04} ]

N -

-06 E I ‘
TS — " e 3 ' o
-0.2 0.0 02 04 06

X-position (arcsec)

34



Ill) Medium/high spectral resolution

Medium resolution for direct imaging

Distinguish planetary signal from stellar
noise (speckles) thanks to intrinsic
molecular lines

Cross-correlation between the high-passing
observed spectrum S, and a model
spectrum Sy,

CCF(V,) = fsobs(v)xSth(v + vXVy/c)dv

with normalization: [ S2(v)dv = 1

Cross~correlation strength

Emission relative to continuum
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Orbital phase

Ill) Medium/high spectral resolution

High resolution for transit spectroscopy

simulations of CO

0.7

S
=

Snellen (2014)

orbital phase
=
"

=
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. essons from observations of
exoplanet atmospheres

» Radius & Interior
= Hot Jupiters are inflated
= Gapinthe occurrence rate between super-Earths and mini-Neptunes




IV) Lessons from observations

Inflated hot Jupiters

2.5 ; log.o(Mi) [M,] ]
2.0 ':1.50-1.25-1.00 -0.75-0.50-0.25-9.00 0.25 0.50 0.75 1.00_'
m - } -
— B b3 { |
c - -
(0 el 0 T L_:Tr 4 ; f 2
1'0 B + r {- :‘ ~ ii } 10{’1 {L 3
0.5 F X | b
B ¥ ¢ 5 e J
- ’ _} : —
= +E + + -

10° 107 108 10° 10'°

<F> (ergs s™' cm™) Miller & Fortney (2011)

= Hot Jupiters are inflated compared to 1D models
= Correlation between inflated radii and stellar flux
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IV) Lessons from observations

Inflated hot Jupiters
Induced currents due to zonal

Explanations for inflated hot Jupiters: 707 a7 wind flow

Heat transfer to the adiabatic layer
(10% - 1% of the irradiation)

1) Ohmic dissipation
Batygin & Stevenson (2010)

Superrotation + magnetic field + ionization of
H and alkali metals in hot Jupiters - Induced currents

2
Heat production: P = ];

2) Advection of heat from global circulation

\ Fou=1 47 <107 erg'siem’
\ e F o =088% 107 erg'sem’
' F.u»235x 10" erp'siem’

e Fou=9.41 x 10" erp'sem’

Found 77

10" erg'siem’

ssure [barl

Pry
’
: ’
A
s o
/
-——n-‘

Radws [R
R —

Temperature [kelvin)

Tremblin et al. (2017) Flux [erg/a/em?] “



IV) Lessons from observations

A valley between super-Earths and mini-Neptunes

0.12

o
-
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Number of Planets per Star
(Orbital period < 100 days)
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Planet Size [Earth radii]
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120 200 'S0

Fulton et al. (2018)

= Bimodal distribution with a gap at around 1.8 R,
= Transition from mini-Neptunes to super-Earths with increasing instellation

- Photoevaporation

1000 300 100 30
Stellar light intensity relative to Earth

o
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o
o
-

o
8
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IV) Lessons from observations

A valley between super-Earths and mini-Neptunes

Prediction of a photo-evaporation valley

9 - . - R e - . v . e e ) -

Photoevap.
desert

dN/dlog R

Radius [R )
o

- ——
S . i L w
- ————— - - .

A

-

2 A v > Photoevap. valley -

1. - -~ DNV SR SIS - - . VR S S | | \ l | I

! | I | ! | l 1 | 1

Pvovov by v by oy oy

0.1 1
Seperation [AU] Owen & Wu (2017)

Photoevaporation can predict the 2 peaks.
The location of the valley is very sensitive

to the core composition —> cores seem to If correct: - o - .
be Earth-like in composition. No water - formation inside the ice line

(Owen & Wu 2017; Jin & Mordasini 2017) 41




. essons from observations of
exoplanet atmospheres

» Dynamics & Thermal structure
= Superrotation for strongly irradiated planets
= Stratospheric thermal inversion for the hottest planets




IV) Lessons from observations

Superrotation for strongly irradiated planets

Zonal-mean zonal winds for HD189733b

0.001

0.01 i - \
ST
£ o1 |
: G } }
=
g 1 - |
a

10
- B e o 3 8 28 A e e : Thermal phase curve and temperature map
Showman et al. 2009  latitude [deal of HD189733b (Knutson et al. 2007)

= Presence of an eastward super-rotating equatorial jet
= Maximum of temperature shifted east to the substellar point

Phase offset due to competition between
the radiative cooling and the speed of the equatorial jet.

c,P " 2nR
goT? fadv = g "

Trad =




IV) Lessons from observations

Stratospheric thermal inversion for hot planets

Model predictions Total molecular opacity (1mbar)
AT S -2 3 TR _L / R ' g v , 3
0.001 F R7, .
: 0% 0.025 AU ] 3
001 i‘ %% 0.03 AU
[y 0.035 AU ]
0.1E ‘\\ 0.04 AU 3
o E Y 0.045 AU
2 9 \ E
S q0F N 0.05 AU
& [ CHWCO 0.055 AU ]
10 - \‘\ 0.4 0.6 r_:'a 1.0 1.2 1.4
- N Wavelength {um)
N Fortney et al. (2008)
100 F
1000; Predictions: Stratospheric thermal inversion
AN I SO TR YU TN S S T ST BIRG LA PO S (Y AL M i X Y )
1000 1500 2000 2500 3000 due TiO and VO opacity In visible

T (K)

Observations: fewer planets (ultra-hot) show stratospheric thermal inversion than expected

Possible explanations:

- Cold trapping of TiO/VO on the nightside ?

- HighC/O?

- Photodissociation of TiO/VO by high stellar activity ?

44



. essons from observations of
exoplanet atmospheres

» Clouds/haze
= Most of exoplanets are cloudy/hazy
= |Inhomogeneous clouds distribution




IV) Lessons from observations

Most of exoplanets are cloudy/hazy

A contlnuum from cloudy to cloud free planets

Relative alitude in scale heights, 20)VH,_

T T ]

80

75t

L 1 |
03 0.4 05 06 07 08091 1.5 2 25 ? 3 -

Sing et al. (2015)

Wavelength (amy}

-> Flat transit spectrum
- Mie-scattering slope

Condensate clouds
(thermodynamic phase change)

Haze
(non-equilibrium chemistry)

46




IV) Lessons from observations

Most of exoplanets are cloudy/hazy

Clouds are everywhere

Figure from
Sarah Hérst

-‘s Y-

HzSO4 and other het\ner ‘
H,S0, photochemical products
like Sg (7)

| No haze
540, C0s (but lots of dust)
Forms from
@ H;0, NHy, NHsSH  NHj, CHy, H3S, ete.
: photochemistry
Cﬂq, HCN. CQNQ. Forms fmm
e === b

CHy, NHy, H,0
alkali , iron,

silicates, other, etc. All the possible kinds.




IV) Lessons from observations

Inhomogeneous cloud distribution

Albedo map

Cloud mapping of brown dwarf

0012

on

10008

Demory et al. (2013)

Normalzed fux + constant

]

0004

0002

3.0 pv

25

20

151

10

05

0.0

- Evaporation at hot spot
(Demory et al. 2013, Parmentier et al. 2016)

- Probably thick clouds on nightside
(Keating et al. 2019)
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Crossfield et al. (2014)



. essons from observations of
exoplanet atmospheres

» Atmospheric composition
= Chemical disequilibrium (ex: CO/CH4)
= Low-mass planets seem to have high-mean molecular weight




IV) Lessons from observations

Chemical disequilibrium (See Olivia’s course)

Deviation from chemical equilibrium produced by mixing or photochemistry

Emission spectrum of HR8799e by VLT-GRAVITY

0.03 1 LR = e Luhman 164

ExoREM T1150K /logigi=d 3
- OGP data

SPHERE photometry

GRAVITY dats

o

o

-~
]
o

0.01 4

£ (10" Wm-Tpm=1)

il
$

19

Wavelergth (um)

Lacour et al. (2019)

Ex: CO-CH4 conversion in young giant planets
CO+ 3H3 - CH4+ Hzo
CO and CH4 abundances are quenched by vertical mixing
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IV) Lessons from observations

Low-mass planets seem to have high-mean molecular weight

GJ1214b K2-18b

b : : : - 3,050 4
c 200} i . = H,0 + clouds = H,0 only
. 100% CH
. 4 3,025 4 H,0 +N, | Observed
skal: 100% H,0
l ol +-100% CO, | ey
€ [ 3 TIIT/ St BT “ 1 % 2050 .
2 2 Y [ N I i ! § 1B I.(T T 2
: i I -2 o ) ° * s o < 2925 4 u
. T . ?‘ F A 2,900 - e
é -100 2,875 4
g 73 1.4 1.5 1.6 1.7 2.850
Kreidberg et al. (2014) Tsiaras et al. (2019)

Flat transit spectrum:
- high mean molecular weight (i.e. high metallicity)
+ clouds
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. essons from observations of
exoplanet atmospheres

» Atmospheric escape
= Atmospheric escape for strongly irradiated planets




IV) Lessons from observations

Atmospheric escape for strongly irradiated planets
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Hydrodynamic escape by strong EUV stellar flux

Comet-

like H cloud
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GJ436b Lyman a profile
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Futur telescopes for the characterization
of exoplanetary atmospheres

WEFIRST
(~2025)

ARIEL (2028)

¥
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Futur telescopes for the characterization
of exoplanetary atmospheres

Futur NASA Great Observatory (2035-2040)
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https://psg.gsfc.nasa.gov/

~‘“ PSG tool

Geddard

Planetary Spectrum Generator

Beme | Targetand geometry | Atmesphere and surface | Mastrement | APl | Retrieval

i

\Bywe), Owoviand confipfie;  Sommte Sovetn,

Exemple: GJ1214b with pure H,O and HST as Kreidberg et al. 2014



Il) Modelling exoplanetary atmospheres
= Radiative transfer
= Thermal structure
= Clouds & aerosols



I) Radiative transfer

Definition intensity and flux

Intensity I = amount of energy passing through a surface
area dS, within a solid angle d{2, per frequency interval dv,
per unit time (I in ) m2sr1Hz1):

dE = I(x,71,v,t) 7t . k dQ dS dv dt

Moments:

Mean intensity: Ji =f I(x,r_i, v, t)dS)
Q

Flux: F =f [(x,7,v,t)7 . kdQ = ﬂ 1(x,8,9,v,t)cos(0)sin(0) dOd¢
Q
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I) Radiative transfer

Definition intensity and flux

Blackbody radiation:

2hv 1
B(T’ v) = c2 ehw/kT _1

2hc? 1
B(T,2) =

A5 ehc/AKT _q

Flux from one hemisphere (isotropic radiation):

F.(T,v) =nB(T,v)

Total flux from one hemisphere (Stefan—Boltzmann law) :
F.(T) = oT*, 06=5.67x10"8 J K4m2s1

Brightness temperature:

hv

1

Tb=
k In

(1+57)

with F = F, (

Ry

Dist

:



I) Radiative transfer

Radiative transfer equation for plane-parallel

Optical depth & extinction coefficient: 0

dt = —k(T,P,v) uds
k(T; Pl V) — Z n; (O-iabs + O'l'scat)

Optical mean free path: [ = i

Radiative transfer equation:

i

1) =lcos 6

ds ' dT

dI_
'udr_

-5

Local thermodynamic Equilibrium (LTE):

Tradiation=Tkinetics
Condition: mean free path of photons « length scale
of T variations (for non-LTE see Pierre’s talk)




I) Radiative transfer

Source function

S.1,9) = (1= 0BT, ) + 52 | PGuit, 6,01 (.1, @' dg

| |

Thermal emission Scattering

k . .
w,: single scattering albedo = scat P = scattering phase function
k kabs

scat +

1
—j P(®)dQ=1
41T

Q

Rayleigh scattering: P(0) = 2(1 + c0s%0)

g: asymmetry factor = ﬁfﬂ cos@P(0@)dQ,-1<g<1
g = 0 for isotropic or symmetric scattering (e.g. Rayleigh scattering)
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I) Radiative transfer

The two-stream approximation

Case of stellar radiation with no scattering:

dl T

T F'=F e t/h
Goal: to compute the total upward U, is related to the angle of stellar
and downward flux irradiation. For 1D, we use a mean

value, generally i, = 1/~/3 or cos(60°)

27 pl
Jy = / / I dp do,
Jo Jo

2r 0

Jy = / / [ dpdo,

Jo J-1

27 pl

Fy = / / pl dpdo,
0o Jo
27 p0

F, = / / pl dp do,
0 J-1
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I) Radiative transfer

The two-stream approximation

Case of a purely emitting atmosphere:

dl [ e
=1 —1"_9
—=]' —2nB
dt ot J
oF* |
Goal: to compute the total upward e = —J* +2nB
and downward flux t
27 pl The two-stream solution consists in
Jr = / / I dp do, approximating I so that it is related to F.
Jo Jo
2w p0 ol b L
Jy = / / I dp do, We assume TET (generally y=+/3)
Jo J-1
27 pl
Fy = / / pl dp do, FT
0o Jo — =yF'—2nB
27 p0 aTl
F, = I dy do, oF
' /() /_1 AL o —— = —yF'+ 2B
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I) Radiative transfer

The two-stream approximation

Case of a purely emitting atmosphere:

oFT A
E = )/F — 21B
oF* .

T

2mBe ™Y =) dr’

Ty — BT o—v(T,—
Resolution: F'(1) = Fgyre ¥(@=7) .|_J

T

T
Fl(tv) =F'(t=0)e 7" + f 2nBe Y(@=T) g’
0

T

Outgoing radiation: 0 N
OLR =j Fsurfe_yro +f
0 0

2mBe™ 7 dT] dv




I) Radiative transfer

The two-stream approximation

Case of a purely emitting atmosphere:

TO
Outgoing radiation: OLR = F'(ty)e "% + f 2nBe Yt dt
\ Jo /

\ _ 74
Transmittance

de 't

Contribution function: cf(P)=BW,T)——=< dlog (P)
09

Peak of contribution:
at T ~2/3 also called the photosphere

oo | Bar)

Mess

1 : 3 R 5 6 7 8 910

Waveleeathl iml Fortney 2018



I) Radiative transfer

The two-stream approximation

Case of a purely emitting atmosphere:

Radiative equilibrium:

oF, O(F'—F*
oFT A _ 9 ) _ o
> = yF' — 2nB 0t 0t
oF" l mem) yF' +yF' = 4nB
? = —]/F + 27B A1t dB
) F,(7)= ?E
Withy=v3 anddr =k, dz: | F (7) = — :;: Z? ZZ
Total flux:  F(z) = fooo F,(z)dv = —4?”% Oookl%dv
Diffusive form: | F(z) = — 13—6 GkTg Z—Z = —Djp 3—;
o1\ /dB
> ) dv
1 — fo (kv) ( dT ) kgris the Rosseland opacity
kg J‘OO (dBv) dv
0 \dT




I) Radiative transfer

The two-stream approximation

General case for thermal emission with scattering

dl oFT .
po—=1=35 — =y F' —y,F* = 2n(1 — wy)B
oF* )
e =y, F' —y,F' + 2n(1 — w,)B

Eddington |7 — w0(4 + 39)]/4 -[1 - w0(4 39)]/4 /
Quadrature V3[1 — wo(1 + g)/2] V3wo(1+ g)/2 1/v/3
Hemispheric mean 2 —wo(1+ g) wo(l —g) 1/2

Quadrature for deep atmosphere & Hemisopheric mean for the upper atmosphere

See Toon et al. (1989) for the complete solution with multi-layers -



I) Radiative transfer

The two-stream approximation

General case for thermal emission with scattering

dl oFT .
po—=1=35 — =y F' —y,F* = 2n(1 — wy)B
oF* )
e =y, F' —y,F' + 2n(1 — w,)B

Eddington |7 — w0(4 + 39)]/4 -[1 - w0(4 39)]/4 /
Quadrature V3[1 — wo(1 + g)/2] V3wo(1+ g)/2 1/V3
Hemispheric mean 2 —wo(1+ g) wo(l —g) 1/2

Quadrature for deep atmosphere & Hemispheric mean for the upper atmosphere

See Toon et al. (1989) for the complete solution with multi-layers .



I) Radiative transfer

Methods for solving RT

1) Semi-grey analytical model

Optically thin (7 < 1)
Planck mean opacity

“k,(T,P,v)B,dv
k,(T,P,v) = fO S
Jy Bu(T,v)dv
kq
2 a
z |
2 | K i
o — I
v, ||
) Av " Frequency (v)

Optically thick (z > 1)
Rosseland mean opacity

o 1 dB
J,

1 b xPwar v
ko o dB,
R fo 77 AV

with k1 >> kz
k, = ki(Av — 8v,) /Av
kR = k25U2 /AV

Transmittance of a layer Az:
T = j e kAzdy

|fk1AZ > 1 &szZ < 1:
T = ky)6v,Az/Av = kg Az

71



I) Radiative transfer

Methods for solving RT

1) Semi-grey analytical model

Optically thin (7 < 1)
Planck mean opacity

[, k,(T,P,v)B,dv
) OOO B,(T,v)dv

k,(T,P,v) =

Mean opacity for H,-dominated atmosphere:

Table in Freedman et al. (2008)

Optically thick (z > 1)
Rosseland mean opacity

00 1 dB,
J

0o k(T,P,v) df &V

Kp

o dB,
Jo 77 AV

Miax Oracrms ror [MVH] = 0.0

P

(dyn am %) (gem ) e g ") (e’ g ")
75 JE+2 LI2TTE-07 251906 7. 1083E-06
75 JE+03 LI2TTE-06 25589805 64309E-05
78 1E+04 JTSOIE-06 RS261E-0S 2 1238E-04
75 JE+ LI2T7E~-05 2SSTIE-4  6.3555E-04
75 1E+0S 3TSOIE-05 KS2HE-M 2 1167E-03
7s IE+0S LI2TTE-04  2S55TE-03  6.3485E-03
75 IE+06 3T591E~-4  SSISOE-0}  2.1160E-02
2% IE+06 LI2TTE-03  28S53E-02 6.3478E-02
74 1E+07 3TSNE~03 KS176E-02 2 1189E-01
100 IE+O2 SASBAE-08 A SI9E-06 247STE-02
100 3E+03 S4583E-07 39962E-08 2 S40TE-03
100 1E+04 2R193E-06  12854E-04 LOSITE-03
100 JE+4 S4SR2E-06 3ITT09E-04  1OSS9E-03
100 1E+0S 2R193E-05 1 2345E-03 2. 5780FE-03
100.......... IE+08 SAS82E-05 36SSIE-03 7 3903E-03
100 1E+06 2R193E-4  1218E-02  24401E-02
100 IE+06 K4SRE-4  36260E-02  73044E-M
100....... 1E+07 2RI93E~-03 1. 2088E-01 243ME-0] 72
100 IE+07 S4ASRE-03 36261E-01 72922E-01




m'g”]

Opacity [c

I) Radiative transfer

Methods for solving RT

1) Semi-grey analytical model

Optically thin (7 < 1)
Planck mean opacity

[, k,(T,P,v)B,dv
) OOO B,(T,v)dv

k,(T,P,v) =

Mean opacity for H,-dominated atmosphere:

Optically thick (z > 1)
Rosseland mean opacity

dB,

00 1
1 h eTpwar®

ke 4By,

0 dT

Parameterization in Freedman et al. (2018)

1 00 T Y 7’

ey
e
s - N ,(f-""l . — ..
WY o Kgas = KlowP t KhighP
. "J. 3 P"". - 2 . .‘.\ "'._‘-_-';
il v e - :A ’ : logiokimp = ('1(.’11141 (logioT —c2)~
snedl ¥ B FAYNY 1 C3 2y
4 I & - 2 ¥ f .4 _—___(,,():rymr ) 4 comet + ¢
[~ RV & v} logioP+cy
'3-‘V |
’ |' q ) ]k“’](.h‘m hp = ('g'fl‘glO" rT+
b e \ ) S10 g 210
57 IR N T e crologiaT )" +logywPlcyy +cyplogeT) +
100 1000 logyeT ~2.5

.
Temperature [K] C1amel [E T 0.2

Table 2
Coefficients used for opacity fit

Forall T I <80K T

Cl 10.602 cs 14051

« 2.882 (&) 3055

3 609x10715 c10 0.024

cy 2954 11 1.877

Cs 2526 c12 0445

C6 0.843 C13 0.8321

7 -5490 e e

- 800 K

82.241

-55.456

8.754
0.7048

00414

08321



I) Radiative transfer

Methods for solving RT

1) Semi-grey analytical model

!:> Only for computing the thermal structure (e.g. for retrieval or thermal evolution)

Model of Guillot et al. (2010):

Two parameters (4, and k;.) for visible (stellar) and infrared (planetary) radiation

Models with sub-bands:

e.g. Parmentier et al. (2014) and Robinson & Catling (2012):

One parameter for visible (k,;;) and three parameters for infrared (k;;, k12, 0

3

Opacity (k,)

k1

51/2

A

»

Av

F}equency (v)

_‘Sﬁ)
Ay



I) Radiative transfer

Methods for solving RT

2) Correlated-k method

v+A4v dv
T = — Az| —
fv exp|—k (v)Az] o

Going from frequency space to g-space, where g is the
cumulative opacity distribution function: dg = f(k)dk

N
T ~ z exp|—kidz] Ag;

i

:> Fast method, excellent for low and medium resolution
Widely used for atmospheric models and 3D GCM



1)

Radiative transfer

Methods for solving RT

2)

Correlated-k method

Possibility to combine mutliple species
v+Av dv
T = f exp|—X1k1(v) + X2k, (v)Az] —
Y Av

We assume that k; and k, are uncorrelated

+4
f e e~ Xk (az &Y dv
Av

Going from frequency space to g-space:

+A4
fv ve—szz(v)Az Q
Av

N
~ 2 2 exp[—Xlkll- + szszZ] AglAg]
i
Equivalent to a single gas with: k;; = X kq; + X3kzjand Ag;; = Ag;Ag;

—> ordering of increasing k;; - interpolate on g-space -> iterate with another specie



I) Radiative transfer

Methods for solving RT

3) Line-by-line models

@ For computing accurate transmittance & spectra at medium/high resolution

Ex: LBLRTM

http://rtweb.aer.com/lblrtm_frame.html

Earth atmospheric transmittance at Mauna Kea & Dome C (computed with LBLRTM)

1.0

1.0

05 ‘

Atmospheric Transmission

4 05

‘I
.lll ool”"l‘,;{ =

10 15
Wavelength (um)

20 25 30 30 100 500

Burton et al. (2004)
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I) Radiative transfer

A first look at the greenhouse effect

W yveionghh . un

Radaoce . 10"W an"w' iom )

0 o 0 00 1 X0 a0 L0

" pemarhor, om | Hanel et al. (1972)

0o T,
Outgoing radiation: | g1 R = J [pTSer—YTo + j 2mBe V" dr] dv
0 0

VA

Transmittance




I) Radiative transfer

A first look at the greenhouse effect

W yvelongih. un

X i3 12 1 0 9 5 ;

Radaoce. J0'W o "wr' fom ')

0 o =X o0 1 X0 L 0

W gremarshor, om | Hanel et al. (1972)

The efficiency of a greenhouse gas is related to how much it reduces spectral windows

Question: What is the strongest greenhouse gase between CO, and CH, ?
1) For current Earth’s atmosphere
2) For a pure N, atmosphere 79



I) Radiative transfer

A first look at the greenhouse effect

W yvelongih. un

X i3 12 1 0 9 5 p

Radaoce . 10"W an"w' iom )

0 o =X o0 1 X0 L A0

W gremarshor, om | Hanel et al. (1972)

The efficiency of a greenhouse gas is related to how much it reduces spectral windows

Question: What is the strongest greenhouse gase between CO, and CH, ?
1) For current Earth’s atmosphere —> CH,; = 20%CO,
2) For a pure N, atmosphere — CO, = 6XCH, 80



I) Radiative transfer

A first look at the greenhouse effect

Radiative forcing of a greenhouse gas:

AF = ASR — OLR(C) = OLR(Cy) — OLR(C)

AFCO, = 5.35X In (CE) (CO; concentration C in ppm)

AFCH,4 = 0.036X(+/C — v/Cy) (CH,4 concentration C in ppb) Mhyre et al. (1998)

Climate sensistivity: S = AT for 2XxCO,

S
IPPC report: S=1.5-45K > ——= 0.8 KW1m?
AFzxco,



I) Radiative transfer

A first look at the greenhouse effect

Radiative forcing of a greenhouse gas:

AF = ASR — OLR(C) = OLR(Cy) — OLR(C)

C : :
AFCO, = 5.35X In (C—) (CO; concentration C in ppm) Mhyre et al. (1998)
0
04 . Smoothed OLR Spectrum : — 1 kM2
2 ;"'. AR RELIE REAREN RENLE meme] keg'm**2
0.35 : m=e= 1000 kg'm**2
:E 03 E
T 4|
= E
~ 015 E
_'_:_ 0.1 : --.“!
= 0.0% :_ .... .‘c".n'
) ‘ |- I L _&_L_Ll.l L _A_._L.A_A__L_L_LLJ_.‘_:A_LJ._L‘L_%
400 S00 600 700 800 900 1000 1100 1200
Wavessesber (coi') Width of the optically thick band o In(C)
400 600 800 1000 1200
P e e
100 : E
| & F
0.01 ¢ f
0.0001 3 E
-5 B <
10 .

from Pierrehumbert



II) Thermal structure

Skin temperature
(radiative)

i

Stratosphere
(radiative)

LR

Troposphere
(convective)

Temperature, Flux =——p
Marley & Robinson (2014)
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II) Thermal structure

Resolution of the two-stream for semi-grey case with no scattering

1) Grey atmosphere heated from below

Thermal emission

oF" A 4
F =yF' —2nB * Internal flux: Fy,, = 0T, = 0T, eff
oFY \ « We choose y = /3 in the deep atmosphere
— = —yF* + 2nB
aT y * T(T = 0) = Tskin = 2_1/4Tint
. 1 Emission:
4g_Hea’;|Tn dF StoT4 <kin
pPCvy =~ = 0 at equilibrium Toin
Absorption: .
StoTA Emission:
int v 51_0_71 i

2
Beautiful exercice: show that | 74 — 3 T4 ; (T + _)
4" 3

84



II) Thermal structure

Resolution of the two-stream for semi-grey case with no scattering

1) Grey atmosphere heated from below

Thermal emission

oFT
(1) o = VFT — 2nB * Internal flux: Fy,, = 0T, = 0T, ef f
4 * Wechoosey = V3 in the deep atmosphere
(2) oF F'+ 2B
P R — T
aT y * T(T = 0) = Tskin = 2_1/4Tint

(1)-(2) > aa_ — y(F' + FY) — 4nB

OF,,;
fav> == y(Fu' + Fiot) = 40T = 0
i aT* T4
Derivative > 3(Ftot' — Fp;') — 40— =0 > 3T, —4—=0
ot 0t
3 2 | T4 4 _
Integration > | T* ZT‘;}“< §> At the ground: | Ig 7; (tg) = Tiny
T} = 4T;},w(r +2)
85




II) Thermal structure

Resolution of the two-stream for semi-grey case with no scattering

2) Grey atmosphere heated from above and below

= Model of Guillot et al. (2010) Internal flux: Fyy = 0T,

Stellar flux: Fey = UTlir
Effective temperature: T, ff = fTir + Tins

* T=Ty,Y = kvis/kir

=2 e+ 2t B () e

£ =1 at substellar point,
f=1/2 for a day-side average T4 T T-4 F n l]
f=1/4 for an average over the whole planet skin = 3 lint + irrf 3 V3

86



II) Thermal structure

Resolution of the two-stream for semi-grey case with no scattering

2) Grey atmosphere heated from above and below

= Model of Guillot et al. (2010) Internal flux: Fyy = 0T,

Stellar flux: Fey = UTlir
Effective temperature: T, ff = fTir + Tins

* T=Ty,Y = kvis/kir

=2 e+ 2t B () e

3
For t>>1: Tdeep 1 TT intt Tiirf lg + ﬁ]

For inflated hot Jupiters:
Heat transfer to the deep atmosphere (10%% - 1% F,,; into F,;)
== Huge change for the temperature in the deep atmosphere




II) Thermal structure

Resolution of the two-stream for semi-grey case with no scattering

2) Grey atmosphere heated from above and below

= Model of Guillot et al. (2010) Internal flux: Fie = 0T,

Stellar flux: Fo,r = GTlir
Effective temperature: Torr = fTir + Tiny

* T=Ty,;, V= kvis/kir

T profiles for y =0.01-100
10 1 1-107°
2 10%t 1 3.102 Stratospheric thermal
o inversion fory > 1
5 10° { 610"
O
[ 2 1
o 10°} 11410 - 3T4f[2+ 1 ]
deep — 7 Lirr] |5
10d ] 2,102 4‘ 3 y\/§
10° 3-10°

0 0.5 1 1.5 2 2.5 3

T 8

Parmentier et al. (2014) eff .



II) Thermal structure

Troposphere and convective instability

Adiabatic lapse rate

For an air parcel with no heat transfer:

dT _ g dinT R P\R/cP
[g=——=— | ¢ - = (_0)
Y odz ¢, amp ¢, CT =T (P

Stability of an air parcel

Unstable Stable

Altitude
Altitude

r>r, r<ry

89



II) Thermal structure

Troposphere and convective instability

Question: For a grey atmosphere heated from below, where is the air unstable ?
1) For T « P (constant absorption)
2) For T o< P2 (opacity controlled by pressure-broadening or CIA)

3 2
T4 = Z Til,},w (T + §) We assume C% = ;(e.g. N,) or Cﬂp = g(e.g. CO,)

90



II) Thermal structure

Troposphere and convective instability

Question: For a grey atmosphere heated from below, where is the air unstable ?
1) For T « P (constant absorption)
2) For T o< P2 (opacity controlled by pressure-broadening or CIA)

3 2
T 4 Tmt ( —) We assume CE = ;(e.g. N,) or Cﬂ = g(e.g. CO,)

3 14 14
dlnT P dt 1) dinT _ T N dinT ( ) 1/4
max) =
alnT R
ainT (max) < Rsor N, —5(m (max) > - for CO,
dln C, P
Always stable Potentially unstable
dinT T dinT
2)  qmp - m —— (max) =1/2

2(7 + %) dinP

dlnT
—(

s max) < Cifor N, & CO, == Convection for 7 =8/9 (N,) & 8/15 (CO,)
p

T=1

91



riesure

II) Thermal structure

Tropopause & stratospheric thermal inversion

No analytical general solution to the radiative-convective TP profile
m) determination doing iterations

0001,

2722 s
000

e eerv .y .-

Strong s N05phenC nverson F shon -wayve
optical depth » nirared opt cal depth

0.300

Pressure (Bar)
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lll) Clouds & Aerosols

Cloud impact on planetary atmospheres

= Atmospheric composition/chemistry
= Radiative transfert (scattering & absorption)
= Atmospheric dynamics

= Temperature and climate

|:> Atmospheric retrieval
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lll) Clouds & Aerosols

Cloud impact on planetary atmospheres

= Atmospheric composition/chemistry
= Radiative transfert (scattering & absorption)
= Atmospheric dynamics

= Temperature and climate

:> Atmospheric retrieval

a8 {2

Clouds seen by astronomers Clouds seen by atmospheric scientists



lll) Clouds & Aerosols

Cloud impact on planetary atmospheres

= Atmospheric composition/chemistry
= Radiative transfert (scattering & absorption)
= Atmospheric dynamics

= Temperature and climate

Need for atmospheric models with clouds
simulated properly and self-consistently

Clouds seen by astronomers Clouds seen by atmospheric scientists



lll) Clouds & Aer

Phase diagram

Likely liq
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lll) Clouds &

Transition gas — condensed phase
Phase diagram ’!?@ P what matters is the partial pressure
not the total pressure
Likely liquid water clouds on K2-18b !!!
10°© ~TTTF -,\. ErEre ey
103 e
1074 ol
1] “I 0, AetS 1
— : 1xsolar: Puyo & 103 Py
g 10 3 } 100xsolar: Pyyo = 0.1P;:
) |
8102} s : §
a z. ,
o 3 No condensation or
10 ] just water ice for
= these TP profiles !
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lll) Clouds & Aerosols

Condensation curves

Temperature condensation curves for solar metallicity
0.001 [

T T T T T T T T

0.01

L]
!
L
|
'
1
|

0.1

Pressure [bor]

0 500 1000 1500 2000 2500
T t K
ampardtuny [K] Marley & Robinson (2014)

Elemental abundances from Lodders et al. (2003)
Temperature condensation curves from Visscher et al. (2006, 2010)

_£(l_i))
Clausius-Clapeyron relation: | Pgge = Pgo:(To)e R\T T, 98




lll) Clouds & Aerosols

1D Cloud models

1)
At equilibrium :

% _ _ aq$ _ Vsed

0z oz K,, '€
Mixing length theory:
K, = H (L)4/3 " Feonv 3

2 3\H CpPa
HV

Assumption: f, ., =

fse
Above condensation: q,. = (. (P—) ‘
0

K

zZz

sed

Model with f_., from Ackerman & Marley 2001

* (.= mass mixing ratio of condensate

* (. = mass mixing ratio of vapor at saturation
* V4= sedimentation speed

* K, = eddy diffusion coefficient

Ackerman & Marley 2001
* Mixing length: L=H
* Feon=0 Teff4

= constant (generally . 4,= 1-5)

P
99



lll) Clouds & Aerosols

1D Cloud models

2) Model with simple microphysics using timescales from Rossow 1978

e.g. BT-Settl (Allard et al. 2001) and Exo-REM (Charnay et al. 2018)

n 3 Vertical mixing Condensation growth
2

H? I
" “‘ Tmixing=K_z ® " T cond (2 ﬁ7q35)pc

p4

—10-3_ 10-1
3 Sedimentation Coalescence S=10--10
t $ T = H o 4rp,
sed — coal —
$ 3 vsed t 306 Vseao airqc
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lll) Clouds & Aerosols
1D Cloud models

3) Models with full microphysics

e.g. Drift-Phoenix (Woitke & Helling 2003)

H

T K0
i % cluster formation cold
© 90 (T < SO0K)
nucleation
by gas-gas reactions
cdoud
element depletion particles
by gas- suvh(e reactions
charge
n
& i
and
g bulk material changes change
due to changing their
! . thermal stabiity VA
L

. bulk evaporation
due 10 decreasing
element enrichment thermal stabiity
with increasing T, Warnm

SOFQ.TO‘“. o
by
@ © 101



lll) Clouds & Aerosols

Opacity

We usually compute aerosol optical properties
(Qext=0ext/ T2, 0, g) from Mie Theory with
optical indexes and assuming spherical particules

p=2x(n-1)
| 5 10
T T T T

50
T T

M T

ptical regime
(r>2)

50

x=27r/\

100

Hansen & Travis (1974)

3 QextW

Cloud optical depth: T, = 2 pre

w: mass column
p: volumic mass

r,: effective radius

nk

Optical indexes

Wavelength (um)

(Kitzmann et al. 2017)

Wavelength (um)
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lll) Clouds & Aerosols

Radiative effects

1) Scattering of stellar radiation

-> surface cooling by albedo effect

Cloud albedo for pure scattering cloud (wo — 1) using the two-stream approximation:

. \/§(1 _ gC)Tc
‘2 ++/3(1 — go)t.

Hansen & Lacis (1974)

2) Absorption of stellar flux

- local warming & surface cooling (anti-greenhouse effect, e.g. Titan’s haze)

Net Cloud Radiative Effect (W/im2), CERES dataset

3) Absorption/emission of thermal radiation

-> surface warming by greenhouse effect
- Stronger effect for upper clouds (e.g. cirrus)
- Same effect for back-scattering of thermal flux

On Earth, clouds globally have

a net COOIIng effect Averages (;c;b_al' 206 NH:-16.9 ‘SH:—-F24.3 Wim2

W55 B -3 01 @ 11 B33 =W 5




Jm

Flux (W m *

lll) Clouds & Aerosols

Radiative effects: absorption/emission of thermal radiation

Emission spectra and brightness temperature (Teff=1300K, log(g)=5)
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J * coudess l
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Charnay et al. (2018)

= Clouds produce a decrease of flux in spectral windows
|:> and an increase in spectral bands (greenhouse warming).

= With thick clouds, spectrum close to a blackbody 104




lll) Clouds & Aerosols

LT transition for brown dwarfs

10

12

14

16

18

20

Color-magnitude diagram of brown dwarfs

°*
oo * M dwarfs
e
. e | dwarfs
L dwarfs * T-dwarls
Silicate and iron oo :
clouds visible ‘o0
i TR 3”

o o : T dwarfs
A Silicate and iron clouds
below photosphere

J-K
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lll) Clouds & Aerosols

LT transition for brown dwarfs

L Dwarf M/L Transition

CaTioxides Corumdum
fron meta liquid

Iron metal liguid Ca-Ti-onides Corundum

Ca-Ti-axides Corundum
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lll) Clouds & Aerosols

LT transition for brown dwarfs

Teff= 700/900/1300/1600 K, log(g)=5 (g in cm/s2)

107
--Fe
-- Mgzsi04
1074 3 MgSiO |
' --Na,S
10 ‘3 “‘I KCI
= 2 ‘
210 % v
L)) v,
?7 1 2%
g ' 2
= B8
10° %
1 N » % Convective
" : g layer
\\\\ Charnay et al. (2018)
2 N \ E .
10
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Temperature (K)

Cloud below photosphere for T<1300 K
= LT transition 107



What'’s next

For strongly irradiated exoplanets, we need 3D GCM !

Radiative transfer

Dynamics

Thermal structure

Chemistry/Cloud/Haze
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Current and future space telescopes for exoplanets

= CHEOPS (2019)
Photometry (0.4 - 1 um)

= Spitzer
Photometry (3.6, 4.5 um)

. . = JWST (2021)
* B Spectroscopy
% (NIRISS, NIRSpec & MIRI)

= HST
Spectroscopy (1.1 - 1.7 um)

= PLATO (2026)
Photometry (0.5 -1 um)

% " Kepler
g Photometry (0.4 - 0.9 um)

= ARIEL (2028)
Photometry (0.5 - 0.95 um)
Spectroscopy (0.95 - 7.95 um)

~

= TESS
Photometry (0.6 - 1 um)




